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Background: The function of the p53-induced gene Ei24 in the autophagy pathway remains largely unknown.
Results: Ei24 deficiency impairs autophagic flux. Mice deficient in Ei24 show massive neuron degeneration and severe liver

injury.

Conclusion: Ei24 functions in basal autophagy in clearance of aggregate-prone proteins in neurons and hepatocytes.
Significance: We revealed that EI24 is an essential component of the basal autophagy pathway.

Ei24 is a DNA damage response gene involved in growth sup-
pression and apoptosis. The physiological function of Ei24,
however, is poorly understood. Here we generated conditional
knock-out mice of Ei24 and demonstrated that EI24 is an essen-
tial component of the basal autophagy pathway. Mice with neu-
ral-specific Ei24 deficiency develop age-dependent neurological
abnormalities caused by massive axon degeneration and exten-
sive neuron loss in brain and spinal cord. Notably, ablation of
Ei24 leads to vacuolated oligodendroglial cells and demyelina-
tion of axons. Liver-specific depletion of Ei24 causes severe hep-
atomegaly with hepatocyte hypertrophy. Ei24 deficiency
impairs autophagic flux, leading to accumulation of LC3, p62
aggregates, and ubiquitin-positive inclusions. Our study indi-
cates that Ei24 is an essential autophagy gene and plays an
important role in clearance of aggregate-prone proteins in neu-
rons and hepatocytes.

Ei24 (etoposide-induced 2.4 kb transcript),” also known as
PIG8 (p53-induced gene 8), encodes an ER-localized six trans-
membrane protein, expression of which is highly induced by
the tumor suppressor protein p53 (1-3). Overexpression of
Ei24 suppresses cell growth and induces apoptosis, while deple-
tion of Ei24 results in suppression of apoptosis in response to
pro-apoptotic treatment (2—4). The human EI24 gene is
located on chromosome 11q23, a region frequently displaying
loss of heterozygosity in several malignancies, including inva-
sive cervical cancers, breast carcinomas and malignant mela-
noma (5). The tumor suppression function of Ei24 is further
substantiated by reduced expression in invasive breast cancers
(3, 5). However, the physiological function of Ei24 is still poorly
understood.

Autophagy is an evolutionarily conserved intracellular cata-
bolic system, involving the formation of a closed double-mem-
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brane autophagosome and its subsequent delivery to the
vacuole/lysosome for degradation (6, 7). Under normal physio-
logical conditions, autophagy occurs at a basal constitutive
level, removing misfolded, or aggregate-prone proteins and
damaged organelles (8). The homeostatic function of basal
autophagy plays an important role in neuronal protection and
tumor suppression in mammals (8, 9). Neural-specific knock-
out of Atg7 or Atg5 (genes essential for autophagosome forma-
tion) causes dramatic accumulation of autophagy substrates
such as p62 (also known as sequestosome 1, SQSTM1) and
ubiquitin-positive aggregates in neurons, accompanied by mas-
sive neuron degeneration in various brain regions (10 -12). The
autophagy gene beclin 1 is a haploinsufficient tumor suppressor
(8). Atg7 and Atg5 deficiency in liver cause hepatomegaly and
subsequently multiple liver adenomas (13, 14). The tumor sup-
pression function of autophagy is at least partially attributed to
its elimination of p62, accumulation of which leads to persistent
activation of the Nrf2 stress response and dysregulation of
NF-«kB signaling (14 -16).

A group of evolutionarily conserved Atg proteins has been
identified from yeast genetic studies that act at distinct steps of
autophagosome formation (6, 7). In mammalian cells, however,
the autophagy process involves more complex membrane
dynamics (17). The endoplasmic reticulum (ER), Golgi appara-
tus, recycling endosomes, and plasma membrane all contribute
to autophagosomal membranes in mammalian cells (18, 19).
Among them, PI(3)P-enriched subdomains of the ER, called
omegasomes, provide a platform for recruiting Atg proteins
and subsequent autophagosome formation (18). The more
elaborate autophagic machinery in higher eukaryotes requires
Atg proteins and also metazoan-specific autophagy compo-
nents. Genetic screens in Caenorhabditis elegans identified
epg-4, the Ei24 homolog, as an essential autophagy gene, loss of
function of which causes defective autophagic degradation of a
variety of protein aggregates during embryogenesis (20). epg-4
regulates progression of omegasomes to autophagosomes (20).
Ei24 is also essential for starvation-induced autophagy (20).
Distinct from the role of epg-4 at the early step of autophago-
some formation in C. elegans, knockdown of Ei24 by siRNA
results in accumulation of degradation-defective autolyso-
somes (20).
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Here we generated mice with tissue-specific deficiency of
Ei24. Neural-specific Ei24-deficient mice exhibit massive
axonal degeneration and neuronal cell loss in various brain and
spinal cord regions. Ei24 deficiency causes vacuolation of oli-
godendroglial cells. Liver-specific Ei24-deficient mice have
hepatocellular enlargement and hepatomegaly. Ei24 deficiency
impairs autophagic flux, leading to accumulation of LC3, p62
aggregates, and ubiquitin-positive inclusions. Our study
demonstrates that Ei24 is an essential component of basal
autophagy in removing aggregate-prone proteins.

EXPERIMENTAL PROCEDURES

Mice—To construct the Ei24 targeting allele, exon 3 of Ei24
was flanked by two loxP sequences and a neomycin phospho-
transferase expression cassette. The targeting vector was elec-
troporated into 129 R1 embryonic stem (ES) cells. Three
homologous recombinants were identified by Southern blot-
ting with probes 5’ and 3’ of the genomic sequence present in
the targeting vector. Heterozygous Ei24"** ES cell clones were
microinjected into C57BL/6N blastocysts. Chimeric offspring
were backcrossed to C57BL/6N mice. Heterozygous mutant
mice were outbred with C57BL/6 mice and interbred to obtain
homozygous mutant mice. Cre-mediated deletion of exon 3
leads to a frameshift, producing a small truncated peptide. The
following primers were used to detect wild type Ei24 and
Ei24"~ alleles: 5'-TAAAGTTCTTAGGACACCTCCTG-3'
(F) and 5'-AATGGAGAACTTTAGAATCTCC-3" (R). The
expected sizes are 273 bp and 377 bp, respectively.

To generate neural- or liver-specific Ei24-deficient mice,
Ei24/"°*/1°* mice were crossed with nestin-Cre or albumin-Cre
mice (Jackson Laboratory), respectively. Ei24"/~ mice were
obtained from Ei24"***; Zp3-Cre mice (Jackson Laboratory).
All mice were raised under specific pathogen-free conditions in
the animal facility at the National Institute of Biological Sci-
ences, Beijing. All animal experiments were approved by the
institutional committee of the National Institute of Biological
Sciences, Beijing.

Antibodies—The following antibodies were used: rabbit anti-
p62 (PMO045, MBL), mouse anti-p62 (ab56416, Abcam), mouse
anti-ubiquitin (3936, Cell Signaling), rabbit anti-GFAP
(bs-0199R, Bioss), rabbit anti-LC3 (PM046, MBL) for Western,
rabbit anti-LC3 (2775, Cell Signaling) for staining, mouse anti-
NeuN (MAB377, Millipore), mouse anti-3 tubulin III (ab7751,
Abcam), mouse anti-calbindin (C9848, Sigma), mouse anti-
CNPase (2',3'-cyclic-nucleotide 3’-phosphodiesterase) (ab6319,
Abcam), rabbit anti-MBP (myelin basic protein) (ab40390,
Abcam), and rabbit anti-GFP (ab290, Abcam).

Behavioral Analysis—An accelerating rotarod (YLS-4C, Bei-
jing Zhongshidichuang Science and Technology Development
Co., Ltd) was used to measure motor coordination. After 2 con-
secutive days training, mice were put on the rolling rod with
auto-acceleration ranging from 5-20 rpm within 60 s. The time
when the mice fell from the rod was recorded, with a maximum
observation time of 2 min.

Histology and Immunohistochemistry—Mice were perfused
with 10% neutral buffered formalin (Sigma). Tissues were post-
fixed, embedded in paraffin, and sectioned at 5 wm. Sections
were stained with hematoxylin and eosin for histological exam-
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ination or 0.1% cresyl violet for Nissl staining and examined by
light microscopy (Imager Al, Zeiss).

For immunohistochemistry, sections were deparaffinized in
xylene three times, then rehydrated in an ethanol series
(100% X 3, 95%, and 75%). After heat-activated antigen
retrieval (0.1 M citrate buffer), sections were blocked with nor-
mal goat serum. Sections were then incubated with primary
antibodies at 4 °C overnight in a humidity chamber, washed in
PBS three times, and incubated with fluorescently-labeled sec-
ondary antibodies in a humidified chamber for 1 h at room
temperature. Finally, sections were counterstained with DAP],
mounted and examined under an epifluorescence microscope
or a confocal microscope (Zeiss LSM 510 Meta plus Zeiss Axio-
vert zoom). Fluorescence intensity and dot numbers were ana-
lyzed by Image J software.

Cell Counting—To score the number of spinal cord motor
neurons, fixed spinal cords were sequentially sectioned at 5 um.
Every 6th section was stained with 0.1% cresyl violet. Neurons
with a distinct nucleus and a diameter of at least 25 um located
in the anterior horn ventral to the line tangential to the ventral
tip of the central canal were counted as motor neurons. To
examine cortical neurons, large pyramidal cells located in the
fifth layer of the motor and sensory cortices were quantified.
The number of Purkinje cells in lobules III, IV, and V were
quantified and divided by the total length of the lobules. The
thickness of the molecular layer was calculated by dividing the
distance between lobules III and IV, or lobules V and VI, by 2.

Protein Extraction and Western Blotting—Mouse tissues
were homogenized in 10 volumes of lysis buffer (50 mm Tris-
HCI, pH 7.4, 150 mMm NaCl, 1 mm EDTA, 0.1% SDS, 1% Nonidet
P-40) supplemented with 1 mm PMSF and protease inhibitor
mixture (Roche). After incubation on ice for 30 min, homoge-
nates were centrifuged at 15,000 rpm for 15 min at 4 °C. Super-
natants were transferred to new tubes and protein concentra-
tions were determined by Bradford protein assay (Genstar).

For preparation of detergent-soluble and -insoluble frac-
tions, mouse tissues were homogenized in five volumes of
sucrose buffer (0.25 M sucrose, 50 mm Tris-HCI, pH 7.4, and 1
mwm EDTA) supplemented with 1 mm PMSF and protease inhib-
itors (Roche). After centrifuging at 2500 rpm for 10 min at 4 °C,
the supernatants were collected, and the protein concentration
was adjusted to 4 ug/ul. An aliquot of 100-ul supernatant was
mixed with 100 ul of sucrose buffer containing 1% Triton
X-100, then centrifuged at 15,000 rpm for 15 min at 4 °C to
separate supernatants (detergent-soluble fraction) and pellets.
Pellets were dissolved in 200 wl of 1% SDS in PBS (detergent-
insoluble fraction). Equal amounts (30~40 ug) of proteins were
subjected to SDS-PAGE electrophoresis and then transferred
onto a PVDF membrane. After blocking with 5% nonfat milk for
1 h at room temperature, membranes were incubated with pri-
mary antibodies at 4 °C overnight, washed with PBST three
times and incubated with HRP-labeled secondary antibodies
for 1 h at room temperature. Immunoreactivity was detected
using an Enhanced Chemiluminescent (ECL) kit (Pierce).

Quantitative RT-PCR—RNA was extracted using TRIzol
(Invitrogen) and cDNA was synthesized by Super Script® III
First-Strand Kit (Invitrogen). Quantitative PCR was performed
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FIGURE 1. Motor and behavioral deficits in Ei247°°%; nestin-Cre mice. A, scheme for generating Ei24 conditional knock-out mice. Exons are depicted by
black boxes. A targeting construct was prepared by flanking exon 3 of £i24 with the neo’ gene and loxP sites (triangles). The deleted allele of Ei24 was generated
by Cre-mediated recombination to remove exon 3. B, Nestin Cre effectively removes exon 3 of Ei24 in brain tissues. Total RNAs were prepared from cerebrum,
cerebellum, and spinal cord of Ei24™*; nestin-Cre and Ei24"*/°%; nestin-Cre mice at 4 months of age. Transcription levels of £i24 mRNA are normalized to Actin
mRNA. Results are representative of at least three experiments. C, body weight curves of Ei2479 T nestin-Cre and Ei24°f°%. nestin-Cre mice over 16 weeks.
Mean + S.E. of 18 mice is shown. D, survival curves of £i24""; nestin-Cre (n = 18) and Ei24"°"°%; nestin-Cre mice (n = 18) mice over 19 weeks. E, when lifted
by the tail, Ei24719 "+ nestin-Cre mice extend their limbs, while Ei247°*/foX: nestin-Cre mice have an abnormal limb-clasping reflex, adopting a bat-like posture.
F, time spent on an autoaccelerating rod (rotarod). The maximum observed time was 120 s. Mean = S.E. of 9 mice is shown. G, when Ei2479%/* . nestin-Cre mice
initiate movement, their hindlimbs are held in a posteriorly hyperextended position.

onan Eppendorf Mastercycler® ep Realplex 4 using SYBR® Pre-
mix Ex Taq™ (TaKaRa).

The following primers were used: 5'-ACTTCCCTCTCGC-
TGTATTTGAT-3' (F-Ei24) and 5'-TTGCTTCCGCTCTAC-
ACTCTG-3' (R-Ei24); 5'-GCTGCCCTATACCCACATCT-3’
(F-p62) and 5'-CGCCTTCATCCGAGAAAC-3' (R-p62); 5'-
CTACCTTGCCCGAAAGCAC-3' (F-Gstm1)and5'-ATGTC-
TGCACGGATCCTCTC-3" (R-Gstml); 5'-ACCAAGGACA-
CCAAGTTTCG-3' (F-Cyp2a5) and 5'-AGAGCCCAGCATA-
GGAAACA-3' (R-Cyp2a5); 5'-AGCGTTCGGTATTACGA-
TCC-3" (F-Ngol) and 5'-AGTACAATCAGGGCTCTTC-
TCG-3' (R-Ngol); 5'-CTGGCTCCTAGCACCATGAAGAT-3’
(F-actin) and 5'-GGTGGACAGTGAGGCCAGGAT-3" (R-
actin).

Proteasome Activity Assay—Proteasome activity was deter-
mined using aminomethylcoumarin (AMC)-linked synthetic
peptide substrates: Ac-Gly-Pro-Leu-Asp-AMC, Suc-Leu-Leu-
Val-Tyr-AMC and Ac-Arg-Leu-Arg-AMC (and Boc-Leu-Arg-
Arg-AMC) for caspase-like, chymotrypsin-like, or trypsin-like
activity, respectively (Proteasome Substrate Pack, Enzo Life
Sciences). Mice tissues were homogenized in lysis buffer (50
mMm HEPES pH 7.5, 5 mm EDTA, 150 mm NaCl, 1% Triton
X-100, and 2 mm ATP). 250 ul of lysate containing equal
amounts of protein (2—4 ug) were incubated for 30 min at 37 °C
in the dark with 2.5 ul of each substrate (final concentration: 50
nM). The reaction was stopped by adding 252.5 ul pre-cooled
96% ethanol solution. Proteasome activity was measured by
detecting fluorescence from AMC hydrolysis (380 nm excita-
tion and 460 nm emission).

Transmission Electron Microscopy—Mice were transcardi-
ally perfused with 2% PFA/2% glutaraldehyde buffered with 0.1
M pH 7.4 phosphate buffer (PB). Tissues were separated, fixed in
2.5% glutaraldehyde, post-fixed with 1% OsO4 in PB buffer for
2 h, dehydrated with graded ethanol solutions, and embedded
in Embed812. Ultrathin sections (80 nm) were stained with 2%
uranyl acetate for 30 min and lead citrate for 10 min and exam-
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ined using transmission electron microscopy (Tecnai™ Spirit,
FEI).

Statistical Analysis—Data from at least three sets of samples
were used for statistical analysis. Statistical significance was cal-
culated by Student’s ¢ test. A p value less than 0.05 was consid-
ered significant.

RESULTS

Neural-specific Deletion of Ei24 Causes Behavioral and
Motor Abnormalities—W e generated Ei24 conditional knock-
out mice by flanking exon 3 of Ei24 with two loxP sequences
(Fig. 14). When we crossed Ei24"'~ adults (obtained from
Ei24°***; 7p3-Cre mice), no Ei24~'~ offspring survived to the
neonatal stage, suggesting an essential role of Ei24 during
embryogenesis. The function of Ei24 was therefore investigated
by crossing Ei24*/°* mice with mice expressing tissue-spe-
cific Cre recombinase.

Ei24/"7%°* mice were crossed with nestin-Cre mice to pro-
duce animals deficient for Ei24 in the central nervous system
(referred to as Ei24"*/"°%; nestin-Cre) from embryonic stages
(Fig. 1B). Nestin is highly expressed in neuroepithelial precur-
sors, which give rise to neurons, astrocytes and oligodendro-
cytes (21). Ei24/°/%°%, nestin-Cre mice appeared normal at
birth, but started to show growth retardation at 2 weeks of age
and had ~50% reduction in body weight compared with
Ei24/°**; nestin-Cre littermates (referred to as control litter-
mates in this study) by 3 months (Fig. 1C). The survival rate was
also dramatically reduced; 50% of mutant mice died by ~16
weeks after birth and all mice died by 19 weeks independent of
sex (Fig. 1D). Ei24/~°%; nestin-Cre mice exhibited motor and
behavioral deficits at 6 weeks of age and became progressively
worse. 8 out of 12 mutant mice at 6 weeks of age and 12 out of 12
of mutant mice at 8 weeks of age exhibited abnormal limb-
clasping reflexes (Fig. 1E). All 3-month-old mutants showed
poor motor coordination in a rotarod test (Fig. 1F). Mutant
mice exhibited marked tremor at 8 weeks and ataxic gait at 12
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FIGURE 2. Axonal degeneration and neuronal loss in Ei247°*/f°%; nestin-Cre mice. A, Nissl staining of cortex and hippocampus of Ei247°*; nestin-Cre and
Ei247°/oX; nestin-Cre mice at 4 months of age. The arrow indicates an enlarged lateral ventricle. Bar, 200 um. B, Niss| staining of the fifth layer of the cortex. The
graph shows the number of large pyramidal cells per mm? in the indicated areas. Mean = S.E. of three mice is shown. Bar, 50 um. C, H&E staining of the
hippocampal pyramidal cell layer. The number of pyramidal cells was quantified and divided by the length of the layer. Mean = S.E. of three mice is shown. Bar,
50 wm. D, comPared with control mice, Nissl staining of the cerebrum shows large numbers of vacuolated cells (arrows) in the cingulate cortex and internal
capsule of Ei24"°/fox, nestin-Cre mice. Bar, 50 um. £, anti-CNPase staining show that vacuolated cells are CNPase-positive oligodendroglial cells in the cingulate
cortex and internal capsule of Ei247"°%, nestin-Cre mice. Bar, 10 um. F, myelin stainning by anti-CNPase exhibits irregular arrangement in the cingulate cortex
in Ei247o/floX: nastin-Cre mice at 4 months of age. Bar, 100 um. G, H&E staining shows that the cerebellum is less foliated (arrow) and fissured in Ei24flox/flox,
nestin-Cre mice at 4 months. Bar, 500 um. H, thickness of the molecular layer, calculated by dividing the distance between lobules Il and IV, or lobules V and
VI, by 2. Mean = S.E. of five mice is shown. |, H&E staining of Purkinje cells in control and mutant mice. The number of Purkinje cells in lobules lIl, IV, and V was
quantified and divided by the total length of the lobules. Mean = S.E. of five mice is shown. Bar, 50 wm. J, anti-calbindin (green) and anti-MBP (red) costaining
reveals that £i247°°%, nestin-Cre mice exhibit dilated calbindin-positive bulbs (arrows) in the DCN region and some of the bulbs are enwrapped by MBP-
labeled myelin. Bar, 10 um. K-M, EM pictures of DCN in Ei2419/* : nestin-Cre and Ei24°*/fox: nestin-Cre mice at 4 months. K, myelinated axons of regular shape
and size in the DCN region of control animals. (L-M), Degenerated axons in mutant mice. L, arrowheads indicate electron-dense amorphous structures. The
arrow shows a thinned myelin sheath. M, arrowhead indicates undulated and split myelin lamellae. Note that the axons in the mutant sample are conspicuously
less abundant than in the control. Bar, 1T um (K-M). N, number of interneurons per mm? in the lumbar spinal cord. Mean = S.E. of five mice is shown.
0, accumulation of vacuolated cells in the anterior horn of the lumbar spinal cord in mutant mice at 4 months. Bar, 100 um. P, GFAP signal (red), in sections of
cerebral cortex immunostained with anti-GFAP antibody, is stronger in mutant mice. Bar, 20 um.

weeks. At 14 weeks, the hindlimbs of resting mutant mice were Ei24"*%; pestin-Cre Mice Suffer Massive Axonal Degener-
flexed, like control littermates, but became hyperextended pos-  ation and Neuronal Cell Loss—To investigate the neural defect
teriorly during movement (Fig. 1G; supplemental movie). Thus,  in Ei24°*/"°%; nestin-Cre mice, histological analyses were per-
neural-specific Ei24 deficiency causes behavioral and motor formed by hematoxylin and eosin (H&E) staining and Nissl
defects. staining of sections from cerebrum, cerebellum, and spinal cord
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of control and mutant mice at 4 months of age. Ei24/" /",
nestin-Cre brains had enlarged lateral ventricles (Fig. 2A).
Mutant mice showed atrophy of the cerebral cortex (Fig. 24);
the ratio of cortical to dorsoventral thickness in Ei24%*'*; nes-
tin-Cre and Ei24/°*/"%, nestin-Cre mice was 0.18 * 0.02 and
0.13 £ 0.01, respectively (p < 0.05). The white matter between
the cortex and hippocampal pyramidal cells was thinner in
mutants (Fig. 24). The number of neurons in cortical layers 1- 4
was greatly reduced compared with controls, as was the num-
ber of pyramidal neurons in the 5" layer of the motor and
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sensory cortices (Fig. 2B; supplemental Fig. S1, B and C). The
hippocampal pyramidal cell layer was much thinner with
reduced neuron numbers (Fig. 2C). H&E and axon-specific
B-tubulin IIT staining revealed irregularly arranged nerve fibers
in the alveus of the hippocampus (supplemental Fig. S1, D and
E). Eosinophilic spheroids, representing axon swellings (10),
were observed in the cortex (supplemental Fig. S1F). Vacuo-
lated cells were observed in the cingulate cortex and to a lesser
extent in other cortices, hippocampus, thalamus, and hypothal-
amus (Fig. 2D). Numerous vacuolated cells were found in white
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matter regions including the corpus callosum, the alveus of the
hippocampus and the internal capsule (Fig. 2D, supplemental
Fig. S1D, data not shown). The vacuolated cells were stained by
the oligodendroglial marker anti-2',3’-cyclic-nucleotide
3'-phosphodiesterase (CNPase) (Fig. 2E). Oligodendrocytes
support axonal integrity and myelinate the axons of the CNS
(22). Staining with anti-myelin basic protein (MBP) (which
labels myelin) or anti-CNPase (which labels cell bodies and
myelin) revealed fragmented myelin structures in various cere-
bral regions in mutant mice (Fig. 2F; supplemental Fig. S1G).

The cerebella of Ei24/°/%*; nestin-Cre mice were less foli-
ated and fissured than controls (Fig. 2G). The molecular cell
layer was thinner (Fig. 2H). Purkinje cell numbers were reduced
by 40% and the remaining cells appeared shrunken (Fig. 21). The
deep cerebellar nuclei (DCN), to which Purkinje cells project
axons, contained numerous large eosinophilic spheroid struc-
tures (supplemental Fig. S1H), indicative of axonal swellings
(10). We further stained the DCN region with anti-calbindin,
which specifically labels Purkinje axons, and found accumula-
tion of huge bulging calbindin-positive structures in the DCN
region of Ei24/°*/"°%; nestin-Cre mice, indicating abnormal
swelling and dystrophy of Purkinje cell axon terminals (Fig. 2/).
MBP staining showed that some of the dilated calbindin-posi-
tive termini were enwrapped by myelin, confirming the degen-
eration of Purkinje cell axons (Fig. 2J; supplemental Fig. S1, I-)).
Ultrastructurally, axon numbers in the DCN region were dra-
matically reduced and the remaining axons showed thinned,
split myelin sheaths and various signs of degeneration (Fig. 2,
K--M; supplemental Fig. S1, K—N). In the anterior horn of the
lumbar spinal cord, interneuron numbers were dramatically
reduced in Ei24/°*°%, nestin-Cre mice but the number of large
motor neurons was not significantly different (Fig. 2N; supple-
mental Fig. S1, O and P). Numerous vacuolated oligodendro-
cytes accumulated in spinal cord gray and white matter (Fig.
20; supplemental Fig. S1Q). Expression of the glial marker
GFAP (glial fibrillary acidic protein) dramatically increased in
the cerebrum, cerebellum and spinal cord of mutant mice (Fig.
2P), indicating that neurodegeneration was accompanied by
reactive astrogliosis.

To investigate whether the neural abnormalities in
Ei24/"%7°%, nestin-Cre mice increase progressively, brain and
spinal cord sections from Ei24°*/"*%; nestin-Cre mice and con-
trols at 3 weeks, one month, two months, and four months were
analyzed. The number of pyramidal neurons in the 5™ layer of
the cortex in Ei24*/%°%, nestin-Cre mice at 3 weeks of age was
comparable to control littermates, but gradually decreased as
the mice grew older (Fig. 34). The number of Purkinje cells and
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thickness of the molecular layer progressively decreased (Fig. 3,
B and C). Vacuolated oligodendrocytes in the cerebrum, cere-
bellum, and spinal cord were small in size and few in number in
mutant mice at 3 weeks and one month of age but became larger
and more numerous at 2 and 4 months of age (Fig. 3A4; supple-
mental Fig. S2, A and B). The mutant mice also showed progres-
sively more irregularly arranged nerve fibers in the alveus of the
hippocampus, more severe axonal swelling in the DCN of the
cerebellum and deterioration of axonal myelin sheaths in vari-
ous regions of the brain and spinal cord (Fig. 3, D and E; sup-
plemental Fig. 2C). Thus, neural-specific Ei24 deficiency results
in progressive axonal degeneration and neuronal loss.

Ei24 Deficiency Impairs Autophagic Flux—We next investi-
gated autophagic flux in mutant mice by examining levels and
distribution of LC3. Brain and spinal cord extracts from
Ei24/"°*/1°%; nestin-Cre mice at 4 months showed accumulation
of LC3-1I, a lipidated form of LC3 that normally associates with
autophagosomal membranes (Fig. 44). Immunostaining with
anti-LC3 revealed that LC3 diffusely accumulated in various
regions of the brain and spinal cord of Ei24"**/**; nestin-Cre
mice at 4 months (Fig. 4B; supplemental Fig. S3, A—C). LC3
puncta were largely absent, apart from a few that accumulated
in white matter regions, such as the alveus of hippocampus in
the cerebrum, DCN in cerebellum and the LC (lateral column)
in spinal cord (Fig. 4C; supplemental Fig. S3, A, B, D).

Accumulation of p62 and ubiquitinated protein aggregates is
one of the hallmarks of autophagy deficiency (23). p62 is
required for formation and selective removal of ubiquitin-pos-
itive aggregates (12). Brain and spinal cord extracts from
mutant mice at 4 months showed dramatic accumulation of
p62 and high-molecular mass polyubiquitinated proteins (Fig.
4, D and E). p62 mRNA levels were not up-regulated in mutants
(supplemental Fig. S3E). Polyubiquitinated proteins showed
age-dependent progressive accumulation in Ei24/7°/°*; nestin-
Cre mice (supplemental Fig. S3F). Impaired proteasome func-
tion can also cause accumulation of p62 and polyubiquitinated
proteins; however, proteasomal caspase-like, chymotryptic,
and tryptic activities, measured using specific substrate pep-
tides, were comparable in controls and mutants (supplemental
Fig. S3G).

We next examined the distribution of p62 and ubiquitinated
proteins in mutant mice. Control brain and spinal cord con-
tained very little or no cytoplasmic p62 and ubiquitin-positive
aggregates (Fig. 4F; supplemental Fig. S3, H and K). In 3-week-
old Ei24/"*"°%, nestin-Cre mice, the cerebrum, cerebellum and
spinal cord accumulated numerous small p62 aggregates,
which increased in size and number with age (Fig. 4F). p62

FIGURE 4. Accumulation of LC3-1l, p62 aggregates and ubiquitin-positive inclusions in neural-deficient Ei24 mice. A, total brain and spinal cord proteins
from Ei24"*; nestin-Cre and Ei24"°1°%, nestin-Cre mice at 4 months of age were extracted and separated by SDS-PAGE and analyzed by immunoblotting with
anti-LC3 antibodies. Results are representative of at least three experiments. B, anti-LC3 (red) staining reveals that Ei24flo/flox. nastin-Cre mice exhibit stronger
diffuse LC3 signal in the DCST (dorsal corticospinal tract) of spinal cord. Bar, 10 um. C, a few LC3 puncta colocalize with p62 aggregates in the the alveus of the
hippocampus of Ei247¥/fox, nestin-Cre mice at 4 months. Bar, 10 um. D, Ei24"°f°; nestin-Cre mice at 4 months of age show p62 accumulation in brain and
spinal cord by immunoblotting with p62 antibodies. Results are representative of at least three experiments. E, immunoblotting assay showing polyubiquiti-
nated proteins in detergent-soluble and detergent-insoluble fractions of brain and spinal cord (SC) homogenates from control and mutant mice. Results are
representative of at least three experiments. F, p62 aggregates are absent from the anterior horn of the spinal cord of £i24"°*; nestin-Cre mice. p62 aggregates
(red) progressively accumulate in mutant mice at 3 weeks, 1 month, and 4 months of age. Levels of diffuse p62 are also elevated especially in vacuolated cells
(arrow). Bar, 10 wm. G, anti-CNPase and anti-p62 costaining show that compared with controls diffuse p62 and the majority of p62 aggregates are located in
CNPase-positive oligodendroglial cells in the cingulate cortex of Ei24f/flox. nastin-Cre mice. Bar, 10 um. H, compared with control animals, p62 (red) and
ubiquitinated proteins (green) accumulate and are colocalized in cerebrum sections of Ei24™°%; nestin-Cre mice. p62 aggregates are more numerous than
ubiquitinated protein inclusions. Bar, 10 um.
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accumulated most heavily in the alveus of the hippocampus and
the internal capsule, where vacuolated oligodendrocytes were
present. p62 aggregates mainly accumulated in oligodendro-
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calbindin-stained axonal swellings (supplemental Fig. S3, J-L).
The level of diffuse cytoplasmic p62 was also greatly elevated in
mutant mice, especially in vacuolated oligodendrocytes (Fig. 4,
C, F, G). Ubiquitin-positive aggregates colocalized with p62
aggregates in Ei24"°*/"°%; nestin-Cre mice, but they were fewer
in number than p62 aggregates (Fig. 4H). The few LC3 puncta
were colocalized with p62 aggregates (Fig. 4C; supplemental
Fig. S3B). Thus, autophagy is defective in neural-specific Ei24-
deficient mice.

Liver-specific Depletion of Ei24 Causes Hepatomegaly and
Multiple Tumor-like Protrusions—Ei24"*°* mice were
crossed with mice expressing Cre controlled by the albumin
promoter to deplete Ei24 in the liver (supplemental Fig. S4A).
Ei24/"%7°%, Alb-Cre mice appeared normal at birth but by 3
months their livers were greatly enlarged, with disorganized
hepatic lobules and swollen appearance of hepatocytes that
were mixed with normal appearance hepatocytes (Fig. 5, A-C).
Unlike Ei24-deficient neuronal cells, vacuolization of hepato-
cytes was not obvious in Ei24/°/%%; Alb-Cre livers at 3 months.
Ultrastructurally, swollen mitochondria accumulated in
mutant hepatocytes (supplemental Fig. S4C). Activities of alka-
line phosphatase and aspartate aminotransferase were signifi-
cantly elevated in mutant mice sera, suggesting hepatic cell
death (supplemental Fig. S4D). By 10 months, multiple tumor-
like protrusions were detected in mutant livers (Fig. 5D). His-
tological analyses revealed that these protrusions were com-
posed of enlarged hepatocytes and were demarcated from
neighboring hepatocytes of normal size (Fig. 5E). However, no
signs of malignancy such as abnormal nuclear morphology
were detected in the protrusions.

We examined autophagic flux and found that liver homoge-
nates from Ei24"°*/"%; Alb-Cre mice at 3 months contained
dramatically elevated LC3-I1, p62, and polyubiquitinated pro-
teins (Fig. 5F). p62 aggregates and ubiquitin-positive inclusions
accumulated and colocalized in swollen hepatocytes (Fig. 5G;
supplemental Fig. S4, E and F). Diffuse p62 was much weaker
than in Ei24-deficient neural cells. LC3 formed a few puncta
that colocalized with p62 aggregates in mutant liver at 3 months
(supplemental Fig. S4, G and H).

Ei24 Deficiency Activates the Nrf2-mediated Stress Response
Pathway in Liver—Dramatic accumulation of p62 aggregates in
Ei24-deficient liver prompted us to examine whether the Nrf2
stress response is activated. p62 accumulation causes seques-
tration of Keapl, a component of the Cullin-3-type ubiquitin
ligase for Nrf2 degradation, and subsequently leads to stabiliza-
tion of Nrf2 and transcriptional activation of Nrf2 target genes

Ei24 Functions in the Autophagy Pathway

including those encoding various anti-oxidant and detoxifying
enzymes (24). Ei24 deletion caused no changes in levels of Nrf2
(Fig. 5H). Immunoblotting showed that levels of the Nrf2 target
NAD(P)H dehydrogenase quinone 1 (Nqol) were elevated in
the liver of Ei24"°*/"°*, Alb-Cre mice at 3 months of age (Fig.
5H). Quantitative RT-PCR showed dramatically elevated
mRNA levels of Gstm1 (glutathione S-transferase), Ngol, and
Cyp2a5 (cytochrome 450), but not p62, in mutant liver (Fig. 57,
supplemental Fig. S47). These detoxifying enzyme genes, how-
ever, were not up-regulated in the brains of Ei24"**; nestin-
Cre mice (supplemental Fig. S4/), suggesting that persistent
Nrf2 activation may be tissue specific.

DISCUSSION

Here we demonstrated that mice deficient for the metazoan-
specific autophagy gene Ei24 show degeneration of neuronal
populations and severe liver injury. The behavioral and motor
abnormalities in mice with neural-specific Ei24 depletion are
similar to, but more severe than, those in Atg5 and Atg7 condi-
tional knock-out mice. All Ei24-deficient mice die before 19
weeks, while Atg7-deficient mice reach 28 weeks (11). Ei24 defi-
ciency results in massive vacuolated oligodendrocytes that are
not observed in Atg5 and Atg7 knock-out mice (10-12). Oligo-
dendrocytes support axonal integrity and myelinate axons for
rapid impulse propagation in the CNS, and their dysfunction, as
seen in Cnpl knock-out mice, causes axonal swelling and neu-
rodegeneration throughout the brain (22, 25). Accumulation of
p62 aggregates and ubiquitin-positive inclusions in Ei24-defi-
cient tissues indicates that in addition to neurons, autophagy
plays an important role in homeostatic maintenance of oligo-
dendroglial cells. EI24 is an ER-localized protein and may have
functions independent of autophagy, which could explain why
oligodendrocytes are more severely impaired in Ei24-deficient
mice than in other autophagy knockouts. Azg5 and Atg7 defi-
ciency cause intrinsic cell-autonomous neuronal cell death (26,
27). Compared with Azg5 and Atg7 knock-out mice, Ei24-defi-
cient mice exhibit less severe accumulation of p62 and ubiqui-
tin-positive aggregates in neurons, which could be because the
axonal degeneration and neuronal loss in Ei24 mutants are
severely exacerbated by the more pronounced dysfunction of
vacuolated oligodendrocytes. The pathological defects associ-
ated with Ei24 deficiency are cell-type specific. Ei24-deficient
liver exhibits similar defects to Azg5- and Atg7-deficient liver,
including hepatocyte hypertrophy, hepatic cell death and hep-
atomegaly (13, 14). However, the tumor-like protrusions in
Ei24-deficient liver are composed of enlarged hepatocytes and

FIGURE 5. Liver-specific deletion of Ei24 causes hepatomegaly and autophagy defects. A, gross anatomical views of representative livers from Ei24"*;
Alb-Cre and Ei24"x; Alb-Cre mice at 3 months of age. Livers in Ei24"/°%, Alb-Cre mice are enlarged. B, graphs showing net weight of livers and ratio of
liver/body weight in control and mutant mice. Mean = S.E. of 3 mice is shown. C, H&E-stained liver sections from control and mutant mice show disorganized
hepatic lobules and swollen hepatocytes in Ei24"* % Alb-Cre mice. Insets show higher magnification views. Bar, 50 um. D, gross anatomy of livers from
Ei247¥/o%, Alb-Cre mice at 10 months of age demonstrates the development of multiple tumor-like protrusions (arrows). E, H&E staining of liver sections from
Ei247°/x; Alb-Cre mice at 10 months of age (first panel). The arrow indicates a tumor-like protrusion. Bar, 100 um. Higher magnification images of livers
from controls (second panel) and Ei24-deficient mice (third panel, protrusion region) at 10 months of age. Bar, 20 um. F, accumulation of LC3-Il, p62 and
polyubiquitinated proteins in livers from Ei24"° %, Alb-Cre mice. Total liver and spleen proteins were extracted, separated by SDS-PAGE, and analyzed by
immunoblotting with anti-LC3 and anti-p62 antibodies. Detergent-soluble and detergent-insoluble fractions from liver homogenates were immunoblotted
with anti-ubiquitin and anti-p62 antibodies. G, coimmunostaining with anti-p62 (red) and anti-ubiquitin (green) antibodies reveals that p62 and ubiquitin-
positive aggregates are absent from control liver sections, but accumulate heavily in liver sections of Ei24"°°%, Alb-Cre mice. p62 aggregates colocalize with
ubiquitin-positive inclusions in mutant liver. Bar, 10 um. H,immunoblotting with anti-Nqo1 antibody shows that the Nqo1 protein level is dramatically elevated
in Ei247°fox, Alb-Cre mice. Levels of Nrf2 remain unchanged in control and Ei24-deficient liver. I, Gstm1, Ngo1, and Cyp2a5 mRNA levels are increased in
Ei24-deficient mice. The Gstm1,Ngo1, and Cyp2a5 transcription levels were normalized to actin mRNA. Results are representative of at least three experiments.
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display no signs of malignancy. These protrusions could be
caused by aggregation of abnormal enlarged hepatocytes.
Reduced Ei24 expression in aggressive breast cancers impli-
cates it is a tumor suppressor (3, 5). Autophagy suppresses
tumorigenesis through suppression of tumorigenic inflamma-
tion, surveillance of genome stability and elimination of p62
(14-16). The essential role of Ei24 in autophagy may contribute
to its tumor suppression function in other tissues. Distinct
defects in Ei24-deficient liver and brain could be caused by
tissue-specific activation of Nrf2 by p62 accumulation. Anti-
oxidant and detoxifying enzymes, including Ngol, Gstm1, and
Cyp2as5, are highly expressed in Ei24-deficient liver, but not in
the brains of Ei24-deficient mice. Simultaneous depletion of
p62 or Nrf2 significantly suppresses liver injury in Atg7-defi-
cient mice, including increased liver weight, disorganization of
lobular structures and hepatocyte hypertrophy (12, 24). How-
ever, ablation of p62 does not suppress neurodegeneration
caused by autophagy deficiency (12).

The molecular role of Ei24 in the autophagy pathway has yet
to be determined. EI24/EPG-4 is an ER-localized protein with
six transmembrane domains. PI(3)P-enriched ER subdomains,
known as omegasomes, are known to be the membrane source
for autophagosome formation (18). Several ATG proteins
involved in early steps of autophagy, including ULK1 and
ATG@G14, tightly associate with the ER, and are required for for-
mation of LC3 puncta (autophagosomes) (28). Consistent with
a role in early autophagy, EPG-4 regulates the progression of
omegasomes to autophagosomes (20). However, knockdown of
Ei24 appears to cause a defect in the degradation step of the
autophagy pathway. Enlarged nondegradative autolysosomes
accumulate in Ei24 siRNA knockdown cells (20). In Ei24-defi-
cient mice, lipidated LC3 accumulates dramatically and is dif-
fusely localized, suggesting that Ei24 acts at an early step of
autophagosome formation. The few LC3 puncta detected in
Ei24-deficient mice are likely due to incorporation of LC3
into p62 aggregates via direct p62/LC3 interaction. Alterna-
tively, p62 aggregates may accumulate in impaired autolyso-
somes due to a defect in the degradation step of the
autophagy pathway. Ei24 is highly induced by p53 in various
cell types. p53 induces autophagy activity by inhibiting
mTOR activity and also by up-regulating the lysosomal pro-
tein DRAM (29, 30). Distinct from Atg genes and Ei24,
DRAM is critical for induction of autophagy in the specific
context of p53 activation and is not required for basal
autophagy (30). The essential role of Ei24 in basal autophagy
indicates that p53 may regulate autophagy activity by inte-
grating with the core autophagic machinery.
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